composite were prepared by sol-gel method with average particle size of 1 µm, 0.3 µm and 0.4 µm, respectively. Though Li 2 TiO 3 is electrochemically inactive, the rate capability of in 0−3 V range exhibit two anodic peaks at 1.51 V and 0.7−0.0 V, indicating two modes of lithium intercalation into the lattice sites of active material. Owing to enhanced intercalation/de-intercalation kinetics in 0−3 V, composite electrode delivers superior rate performance of 203 mAh/g at 2.85 C and 140 mAh/g at 5.7 C with good reversible capacity retention over 100 cycles.
INTRODUCTION
Rechargeable lithium-ion batteries are a promising energy source over other traditional rechargeable battery systems due to high output voltage, large energy density and being environment friendly. Li 4 Ti 5 O 12 has attracted widespread attention as anode material in high power lithium-ion rechargeable batteries and hybrid super capacitors owing to their good cyclability, safety at high current rates and long cycle life. [1] [2] It bears excellent cyclability with almost no volume expansion in the unit cell in the process of lithiation. [O 12 ] 32e framework, where all tetrahedral (8a) sites and 1/6 of the 16d sites are taken by Li atoms, while 5/6 of the 16d sites are occupied by Ti atoms. Oxygen atoms reside at 32e sites. The octahedral (16c) sites are empty. Theoretically, a maximum of 3 lithium ions per formula unit can be accommodated in Li 4 Ti 5 O 12 fully occupying the 16c sites, with theoretical capacity of 175 mA h g -1 , when discharged to 1 V. 5 In Liintercalated Li 7 Ti 5 O 12 structure the additional three Li atoms occupy the octahedral (16c) sites. Besides, the tetrahedral (8a) Li atoms also move to the octahedral (16c) sites. Hence, Li 7 Ti 5 O 12 represents a structure denoted as [Li 6 , providing interstitial 8a tetrahedral and 16c octahedral spaces for transport of Li + ions. 2 Zhong et al. explored the possibility of further lithium storage into the empty 8a sites of Li 7 Ti 5 O 12 by first principle calculations. 6 The authors predicted that pristine Li 4 /s 7 and electrical conductivity ~ 10 -9 −0 -7 S/cm. 8 Irreversible capacity loss at high current rates, is mainly due to slow diffusion of lithium-ions and electrons into the electrochemically active material. 9 In the field of batteries, current research is mainly focused on exploring high energy density i.e. good reversible capacity and enhanced capacity retention at high current rates. In this regard, many strategies have been developed including tuning the morphologies and architectures [10] [11] [12] [13] , particle size reduction to nano-size [14] [15] 4 Ti 5 O 12 are being extensively studied to benefit from increased grain boundary density with large interfacial areas for high lithium storage. [22] [23] [24] [25] [26] Large number of grain boundaries provides increased channels for Li-ions to enter the particles. Composites have also been reported to be beneficial for improving the morphological stability of the electrode materials. In last five years, many groups have studied composites of Li 4 Ti 5 O 2 with metal oxides to explore high rate capability with rich grain boundaries enabling fast diffusion of ions into the active material. [27] [28] [29] [30] [31] [32] [33] In this regard, Li 4 Figure S1 ). Sintering the sample for 2 hours resulted into pure Li 4 prepared by grinding and sonicating 80 wt % of the sample to be examined, 10 wt % acetylene black and 10 wt % polyvinylidene flouride (PVDF) binder in N-methyl-pyrrolidinone solvent. Binder was first dissolved in the solvent by magnetic stirring and heating at 80 °C. Each sample to be examined was dispersed in N-methyl-pyrrolidinone by ultra sonication. Binder solution was added slowly and the mixture was further sonicated to get uniform slurry. This slurry was uniformly coated on copper foil current collector by brush coating. Several coats were applied to get 3 mg/cm 2 loading. The working electrodes were dried in vacuum oven at 100 °C for 12
hours. 2025 coin-type half-cell devices were fabricated in argon filled glove box using lithium as counter electrode, polyethylene as separator and 1 M LiPF 6 in ethylene carbonate/Dimethyl carbonate (1:1) as electrolyte. For the half-cell tests lithium insertion into the working electrodes is referred to as "discharge" and extraction as "charge". To evaluate electrochemical performance of the samples: galvanostatic charge-discharge curves, rate performance and galvanostatic cycling were examined in the voltage range of 
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 respectively, with a difference of 15 mAh/g, whereas, at higher current density of 5 C (875 mA/g) this difference drops to 5 mAh/g. This suggests that rate performance of the Li 4 25 It can be seen that the initial discharge capacity rapidly fluctuates from 150-135 mAh/g at 0.2 C (Figure 5 (c), 6 (b)) and 146-130 mAh/g at 0.5 C (Figure 6 (d) ) during first 3 cycles of data collection, after which the capacity attains stable values. This fluctuating capacity may be ascribed to the contribution from Li-ions storage at the electrode-electrolyte interface or carbon black. [39] [40] Comparing the cycling performance of the electrochemically active samples, shown in figure 6 (c) and (d), it can be seen that the discharge-capacity of Li 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (Figure 7(a) , (b)) may be due to the decomposition of SEI film formed at low voltage around 0 V. However, this behavior was not found in the 5th stable cycles. CV curves of the composite exhibited large polarization (0.54 V) in the 1st cycle which reduced to a minimal value (0.21 V) upto 5th cycle. The large polarization at the electrode surface in the 1st cycle is ascribed to the Li + ion storage at the electrode-electrolyte interface during initial charge-discharge process. 24, 40, 39, 48 However, weak polarization effect in the 5th cycle, indicates good rate capability of the electrode. 24 Note that polarization effects normally increase with increased current rates. Sharpness of the peaks indicates good electrochemical reaction kinetics of the electrodes which is attributed to good crystallinity of the materials. To further check the electrode kinetics electrochemical impedance spectroscopy was employed. Figure S 3 (a) (Supporting information) alongwith the equivalent circuit used for fitting of the results. Plots comprise depressed semi-circles from high to medium frequency which corresponds to the charge-transfer resistance (R ct ) at the electrode/electrolyte interface and a constant phase-angle element (CPE). Linear Warburg region (W) at low frequency reflects diffusion of Li ions into the bulk of the material. R s in the equivalent circuit denotes the total 12 internal resistance including the resistance of electrical contacts, electrode/electrolyte interface and separator and corresponds to the intercept of the impedance curve on the real Z axis at high frequency. 24 As shown in Figure S3( composite was also measured when fully discharged to 0 V (lithium inserted) at high rate of 0.5 C which exhibited low R ct of 83 Ω ( Figure  S3(b) ). The Low R ct (83 Ω) suggests that composite shows good rate capability at high current rates, benefiting from the grain boundaries and interfacial areas between the two phases.
Interfaces are favorable for decreasing the charge transfer resistance through interfacial storage mechanism. 25, 30 Though interface effects are not prominent at low current rates as charge can be accommodated without needing interfacial areas but at high currents interfacial charge storage becomes prominent. (Figure 8 (a) ) suggests reversible intercalation/de-intercalation of more than 3 Li + ions into the active Li 4 Ti 5 O 12 occupying other available sites i.e. 8a, 8b, and 48f, besides 16c sites in the unit 13 cell. Sloping of discharge curves from 1.25V/1.55V (1st cycle/5th, 6th, 10th cycle) to 0 V, indicates that Li-ions undergoing electrochemical insertion into 8a, 8b or 48f sites have different energies as compared to the ions occupying 16c sites (plateau at 1.25V/1.55) as reported by first principle calculations of Zhong et al.. 6 Similar capacity contribution has also been reported by other groups for pristine Li 4 Ti 5 O 12 discharged to 0 V. 48 However, it can be noticed that the charge curves in cut off voltage of 0−3 V (Figure 8 (a) ) resemble the ones recorded in 1−3 V range ( Figure 5 (c) ). This exhibits un-interrupted extraction of Li-ions from the crystal structure irrespective of insertion sites.
Irreversible capacity loss of 70 mAh/g is observed in the 1st charge-discharge cycle (Figure 8 (a) ) at 2.85 C as the discharge capacity (lithium intercalation) of 231 mAh/g bears corresponding charge capacity (lithium de-intercalation) of 161 mAh/g. This capacity loss in the initial cycles may be attributed to the formation of solid electrolyte interface film on the surface of the electrode below 1 V. 49 This capacity loss is observed only upto 4 consecutive cycles as shown in the cycling performance of the composite (Figure 8 (b) ) recorded at 2.85 C upto 25 cycles. This suggests that once the SEI film is formed there is no such capacity loss between the respective discharge and charge capacities as evident from the initial charge-discharge curves (5th−10th cycle) and cycling performance (over 25 cycles). It reveals that the material can deliver the reversible capacity upto 203 mAh/g at 2.85 C when cycled in the voltage range of 0−3 V. Cycling the electrode at a high current rate of 5.7 C upto 75 cycles, showed a reversible capacity around 140 mAh/g. The rate capability is comparable to and cycling stability is better than that reported previously for pristine Li 4 Ti 5 O 12 at 0−3 V. 50, 48 Thus, the composite electrode exhibits superior rate performance and good capacity retention at high rates of 2.85 C and 5.7 C in the voltage range of 0−3 V. These results suggest that though Li 2 TiO 3 did not show any electrochemical activity even at low voltage of 0−1.25/1.55V, yet it played a key role in stabilizing the cycling performance at high current rates. The prominent feature of excellent long-term cycling stability of Li 4 Ti 5 O 12 /Li 2 TiO 3 anode material upto high currents is attributed to: increased number of tiny reaction sites between the interfaces of the two phases and long term structural stability of the electrochemically active crystals of Li 4 Ti 5 O 12 , owing to protective SEI-film formation on the surface by consumption of Li and O ions of inactive Li-rich Li 2 TiO 3 phase. Superior rate performance of the composite at high current rates results from enhanced insertion/extraction of Li-ions into other available sites i.e. 8a, 8b or 48f, in addition to 16c sites of active crystals, when the electrode is discharged down to 0 V. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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